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Existence of spinons is the defining property of quantum spin liquids. These exotic excitations
have (fractionalized) spin quantum number and no electric charge, and have been proposed to form
Fermi surfaces in the recently discovered organic spin liquid candidates. However direct probes for
them are still lacking. In this paper we propose to experimentally identify the spinons by measuring
the spin current flowing through the spin liquid candidate materials, which would be a direct test for
the existence of spin-carrying mobile excitations. By the nonequilibrium Green function technique
we evaluate the spin current through the interface between a Mott insulator and a metal under a
spin bias, and find that different kinds of Mott insulators, including quantum spin liquids, can be
distinguished by different relations between the spin bias and spin current, In the end we will also
discuss relations to experiments and estimate experimentally relevant parameters.
PACS numbers: 75.10.Jm,72.25.Mk,73.23.-b, 73.40.Rw
Quantum spin liquid(QSL) was first proposed by An-
derson as an alternative ground state against long range
magnetic order in frustrated magnets1. In these systems
competing spin exchange interactions result in a large
degeneracy of classical ground states, and quantum fluc-
tuations among these states destroy long range symme-
try breaking order.2 A particular kind of quantum spin
liquid, the resonant valence bond(RVB) state, has also
been proposed to be the key to the high-temperature su-
perconductivity in the cuprate materials.3,4After decades
of intense research many numerical evidences of QSL
ground states have been found in semi-realistic lattice
models5–15, and many artifical parent Hamiltonians for
spin liquids have been constructed16–18.
On the other hand, the experimental realization of
spin liquids in more than one spatial dimensions re-
mains challenging until several candidate materials have
been discovered recently.2,19 Two two-dimensional(2D)
triangle lattice organic salts EtMe3Sb[Pd(dmit)2]2 and
κ-(BEDT-TTF)2Cu2(CN)3, the kagome lattice herbert-
smithite ZnCu3(OH)6Cl2 and a three-dimensional hyper-
kagome lattice Na4Ir3O8 are found to be the most
promising candidates of QSL.20–23 Despite of structural
distinction, they are all Mott insulators with compet-
ing interactions and show no magnetic order down to
much lower temperature than their exchange interaction.
Current measurements of magnetic susceptibility, spe-
cific heat, thermal transport and neutron scattering have
provided vital information about the properties of these
materials.24–27 However, there is still no definitive exper-
iment for the identification of quantum spin liquids.2
One of the most significant features of quantum spin
liquids is that they have exotic excitations called spinons
which are uncharged and usually spin-1/2 mobile parti-
cles, may obey bosonic or fermionic statistics and may
have a gap or not.2,19 The fermionic spinons may form
Fermi surfaces and are generally accompanied by an
emergent gauge field.28,29 This “spinon Fermi sea” state
has received strong support from the observations of
metallic-like specific heat and thermal conductivity30 in
the organic candidates at low temperatures. However
these experiments do not provide a direct proof that the
mobile and possibly fermionic low energy excitations are
spinons. A more reliable proof for the spinon Fermi sea
would be the metallic-like spin transport in these Mott
insulators.
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FIG. 1: (Color online). Schematic plot of a four-terminal
device for the detection of spin current through a spin liquid.
Four small blue bars indicate ferromagnetic electrodes. A
spin polarized current is injected into the right lead(R-lead)
by a current source(Ie), thus creates a spin bias and drives
a spin current through the spin liquid middle region. The
spin bias induced by the spin current in the left lead(L-lead)
is then measured by a voltmeter(V ). We will also consider
other kinds of Mott insulators as the middel region instead of
spin liquids.
In this paper, we propose a four-terminal measurement
of spin current through a spin liquid material (Mott in-
sulator) as the evidence for the existence of spinons. The
proposed four-terminal device consists of a spin liquid
material coupled to the left and right normal metal leads
and each lead couples to two ferromagnetic(FM) elec-
trodes as shown in Fig. 1.31 A current source is added
between the two right FM electrodes. This is used to
create a spin polarized current flowing from one right
FM electrode through the right lead to another right
FM electrode, leading to a spin-solved chemical poten-
tial (i.e. a spin bias VR) in the right lead. Then this
spin bias will drive a spin current flowing from the right
lead through the spin liquid and finally into the left lead
by the spinon-electron spin-exchange interaction at the
interfaces between the spin liquid and the leads. At last,
2a voltmeter is connected to the two left FM electrodes
which are in contact to the left lead. The voltmeter is
used to measure the spin bias VL created by the spin cur-
rent in the left lead. Here, the spin bias Vα (α = L,R)
is defined as the difference between the spin-↑ chemical
potential µα↑ and the spin-↓ chemical potential µα↓ in
the α-lead, i.e. Vα ≡ µα↑ − µα↓.32,33
In the rest of this paper, we will first establish the gen-
eral result of the spin current through the interface be-
tween a Mott insulator in the middle region and a metal-
lic right lead with a spin bias (see Fig. 1) by the nonequi-
librium Green function technique. We will then apply the
general formalism to show that different Mott insulators
can be distinguished by different relations between the
spin current and the spin bias as well as temperature. In
the end we will also discuss relations to experiments and
estimate experimentally relevant parameters.
The model Hamiltonian and formulation. In our theo-
retic analysis, we consider the model of a Mott insulator
(a spin liquid or a collinear antiferromagnet) coupled to
two normal leads under a spin bias on the right lead. The
Hamiltonian of the system is given byH = H0+HM+HI ,
where H0, HM , and HI are the Hamiltonians of the leads
(Metal), the middle region (Mott insulator), and the in-
terfaces respectively. H0 and HI are assumed to be
H0 =
∑
α=L,R
∑
k,σ
ξαkσc
†
αkσcαkσ, (1)
and
HI = JI
∑
r0
SR(r0) · SM (r0) + JI
∑
r1
SL(r1) · SM (r1),
(2)
where
Sα(r) =
1
2
∑
µ,µ′
σµµ′c
†
αµ(r)cαµ′(r),
with SM (r) the (dimensionless) spin operator of the mid-
dle region at the position r. cαkσ(c
†
αkσ) is creation (an-
nihilation) of the spin-σ electron in the α=(L,R)-lead.
ξαkσ = εαk − µασ, where εαk is the electron dispersion
relation and µασ=(↑,↓) is the spin dependent chemical
potential in the α-lead. The spin exchange interaction
constants JI is determined by the interface properties of
Mott insulator and metal.34
∑
r0
means integral over the
interface. HM depends on the type of the Mott insulator
we consider and will be specified later. We emphasize
that there is no single electron tunneling term in HI be-
cause the middle region is a Mott insulator.
Due to the spin exchange interaction in HI , the spin
current can flow from the normal lead to Mott insulator
and vice versa. When the right lead is under a spin bias,
the spin current Is flowing into the middle region from
the right lead is,
Is = − < d
dt
SzT >= i < [S
z
T , H(t)] >
= i JI
∑
r0
< [SzT ,SR(r0) · SM (r0)] >
= JI
∑
r0
Re(Γ<(r0, t, t)), (3)
with SzT ≡ (~/2)(N↑ − N↓) = (~/2)
∑
k(c
†
Rk↑cRk↑ −
c†Rk↓cRk↓). Here, we have used the fact that
[SzT , H0] = 0 and defined Γ
<(r0, t, t) = i <
S−M (r0, t)c
†
R↑(r0, t
)}cR↓(r0, t) > with S−M (r0) =
SxM (r0)− iSyM (r0).
In order to solve the Keldysh Green func-
tions above, we first apply equation of motion
technique to solve Γt(r0,k,k
′, τ, τ ′) = −i <
Tc{S−M (r0, τ)cRk↓(τ)c†Rk′↑(τ ′)} >,35,36
By keeping the lowest order terms of JI we have
Γt(r0,k,k
′, τ, τ ′)
=
−iJI
2NR
∑
r0
∫
dτ1χ
t(r0, r
′
0, τ, τ1)g
t
R↓(k, τ, τ1)
×gtR↑(k′, τ1, τ ′) exp[−i(k − k′) · r0],
where χt(r0, r
′
0, τ, τ1) = −i < Tc[S−M (r0, τ)S+M (r′0, τ1)] >
and gtRσ(k
′, τ, τ ′) = −i < Tc[cRk′σ(τ)c†Rk′σ(τ ′)] > are
contour-order Green functions for spin operator in mid-
dle region and free electrons in right lead, respectively.
Γ<(r0,k,k
′, t, t′) = i < S−M (r0, t)c
†
Rk′↑(t
′)cRk↓(t) > can
be obtained by analytic continuation from Γt, and a
Fourier transform then produces Γ<(r0, t, t). Plug the
result into Eq. (3) we have
Is =
J2IN⊥
4N2RN
2
M
∑
q,k,k′
AM (q, ξRk′↑−ξRk↓+V )δq⊥+k⊥−k′⊥
×{[1+ nB(ξRk′↑−ξRk↓+V )]nF (−ξRk↓)nF (ξRk′↑)
−nB(ξRk′↑−ξRk↓+V )nF (ξRk↓)nF (−ξRk′↑)} (4)
where NM and NR are the number of unit cells in the
middle region and right lead, respectively. Here N⊥
is the number of transverse mode(parallel to the in-
terface) and V = µR↑ − µR↓ is the spin bias in the
right lead. nB(ω) and nF (ξRkσ) are the Bose and
Fermi distribution functions, respectively. δq⊥+k⊥−k′⊥
indicates transverse(parallel to the interface) momen-
tum conservation. The power spectrums AM are de-
fined as AM (q, ω) =
∫
dt < S−M (−q, t)S+M (q, 0) >
exp(iωt)/nB(ω), where S
±
M (q, t) is the Fourier transform
of S±M (r, t) = S
x
M (r, t)± SyM (r, t).
We note that the behavior of the spin current is mainly
determined by the power spectrum AM of the mid-
dle region. Under appropriate conditions the momen-
tum integrations over q,k,k′ can be approximately sep-
arated, and the transverse momentum conservation fac-
tor δq⊥+k⊥−k′⊥ will provide only a constant factor
37. The
3Fermi (Bose) function will be treated exactly at zero tem-
perature and expanded in series of V/(kBT ) at finite tem-
perature. In the following parts of this paper we will ap-
ply Eq. (4) and analyze several kinds of Mott insulators
as the middle region, including several spin liquids.
Spin liquids. Spinons in spin liquids may or may not be
gapped. The gapped spin liquids will have exponentially
vanishing spin transport at low temperature and small
spin bias. We therefore restrict ourselves to the type of
QSLs with gapless fermionic spinons. We describe such
spin liquids by the following mean-field Hamiltonian
HM =
∑
k,σ
ζkf
†
kσfkσ,
where f are fermionic spinons and ζk = ǫk − µs with
µs the spinon chemical potential. The spinon dispersion
ǫk may have a Fermi surface (the “spinon Fermi sea”
state28,29) or Dirac points at Fermi level38.
For illustration purpose we first consider a one-
dimensional(1D) spinon Fermi sea state. In 1D case
the transverse momentum conservation factor in Eq. (4)
does not exist, and the momentum integrations can
be done separately. At T = 0 and µs >> ω, since
ǫq = ~
2q2/(2ms) with ms the spinon effective mass, the
power spectrum AM divided by N
2
R and integrated over
momentum q (the “density of states of spin excitations”)
is
1
N2R
∑
q
AM (q, ω) ∝ ω.
Replace it in Eq.4, we find spin current Is ∝ V 3 at T = 0,
and Is ∝ (kBT )2V at T > 0 with V << kBT .
Now we come to the two dimensional spinon Fermi sea
case, which is the most relevant to the 2D organic spin
liquid candidate materials.
The spinon dispersion is ǫq = ~
2q2/(2ms) with ms
the spinon effective mass, the density of states of spin
excitations is
1
N2R
∑
q
AM (q, ω) = 2πN
2
s (E
s
F )ω ∝ ω.
Thus the spin current Is ∝ V 3 at T = 0 (see Fig.2), and
Is ∝ (kBT )2V at T > 0 with V << kBT (see Fig.3).
In the two dimensional Dirac spin liquid case38, the
low energy spinon dispersion is ǫq = ±~vF |q − qF |, with
vF the Fermi velocity and qF the Fermi vector.
At T=0, since
∑
q AM (q, ω)/N
2
R ∝ ω3, the spin current
Is ∝ V 5. At T > 0, V << kBT , expanding Is in the
series of V/(kBT ) directly, we find Is ∝ (kBT )4V .
Collinear antiferromagnetic Ne´el order. Antiferromag-
netic(AFM) order is a common competitor for quantum
spin liquids. Let us now consider the simplest AFM or-
dered state, the collinear AFM Ne´el order on a bipartite
lattice, and show that it has different spin transport be-
havior compared to the previous spin liquid cases. We
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FIG. 2: (Color online) In 2D spinon Fermi sea case, the scat-
tered dots are the spin bias V dependence of Is/V
2 at zero
temperature (fitted by simple line). The cut point at origin
directly indicates Is ∝ V
3.
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FIG. 3: (Color online) In 2D spinon Fermi sea case, (a) the
scattered dots are temperature T dependence of Is/T (V the
spin bias on the right lead). They can be fitted by simple
lines(y ∝ x). (b) The spin current Is versus spin bias V on
the right lead at different temperatures T (fitted by simple
lines). The cut point at origin indicates Is ∝ V . (a) and (b)
together indicate Is ∝ T
2V at high temperature kBT >> V .
describe the spin excitations by a linearized spin wave
Hamiltonian,
HM =
∑
k
E0(a
†
kak + b
†
kbk + γkakb−k + γka
†
kb
†
−k)
where E0 = 2ZS|J | and γk =
∑
δ cos(k · δ)/Z with δ
sums over the nearest-neighbor lattice sites. Here Z is the
coordination number, S is spin quantum number and J is
4TABLE I: Behavior of the spin current through the interface
between different Mott insulators(rows) and a metallic lead
with respect to the spin bias V and temperature T .
T = 0 kBT >> V
1-d spinon Fermi sea ∝ V 3 ∝ (kBT )
2V
2-d spinon Fermi sea ∝ V 3 ∝ (kBT )
2V
2-d Dirac spin liquid ∝ V 5 ∝ (kBT )
4V
collinear antiferromagnet ∝ V |V |3 ∝ (kBT )
3V
TABLE II: Numerical estimates of the induced spin bias in
the left lead with different kinds of Mott insulator middle
regions(rows) at three different temperatures T = 0K, 1K,
and 10K. Other parameters used are given in the main text.
T = 0K T = 1K T = 10K
1-d spinon Fermi sea 0.3nV 10nV 1000nV
2-d spinon Fermi sea 0.07nV 3nV 300nV
Dirac spin liquid 2× 10−7nV 5× 10−4nV 3nV
the spin exchange constant. bk (b
†
k) and ak (a
†
k), are the
annihilation (creation) of Holstein-Primakoff bosons39 on
B-sublattice and A-sublattice, respectively.
Since spin wave dispersions is Eq = 4
√
2S|J |qa with
a the lattice constant on square lattice, the density of
states of spin excitations is
1
N2R
∑
q
AM (q, ω) ∝ ω2.
The spin current Is ∝ V |V |3 and Is ∝ (kBT )3V at T=0,
and T > 0 with V << kBT , respectively.
All the cases we have discussed above are summarized
in Table I.
Numerical estimates of the spin current. We use the
following estimates of the parameters40, with the inter-
face exchange coupling JI = 10meV and spin bias V =
1kB ≈ 0.1meV . The metallic conductivity ρ = 10−8Ω·m,
lattice constant a = 0.3nm, and Fermi level EeF = 1eV .
The effective spinon mass ms ≈ 10me and Fermi level
EsF = 10meV . The bias induced in the left lead is evalu-
ated by VL ≈ (2e/~)(Is/N⊥) ∗ ρ ∗ ls with N⊥ the number
of transverse mode (see Table II).
Discussions. Many factors ignored by our analysis may
affect the results. First we have assumed the conservation
of the z-component of spin in the entire system, so the
spin current is well-defined. However in the real materi-
als spin-orbit coupling(SOC) will generically be present2.
We hope our results can still be applied to such systems
if the linear dimensions of the sample are much smaller
than the inverse of SOC. For the same reason we did not
considered non-collinear AFM orders, e.g. the 120◦ order
on triangular lattice.
Secondly we have ignored the emergent U(1) gauge
field in the spinon Fermi sea and Dirac spin liquid cases.
It is well-known41,42 that coupling to this gauge field
can significantly change the low energy behaviors of
the (spinon) Fermi sea. However such effects have not
been found in the specific heat and thermal conductiv-
ity measurements of the organic spin liquid candidates,
the conventional Fermi liquid behaviors were observed
instead24,27,30. We therefore believe our results are still
valid in these materials. The effect of U(1) gauge field
is an interesting theoretical question and will be left for
future studies.
Finally we have assumed a clean and free spinon or
magnon system in the middle region, without any scatter-
ing of spinons or magnons by interactions among them-
selves or impurites. We think this is not a serious problem
for experiments, according to the large value of 1µm of
the experimentally estimated spinon mean free path30.
In summary, we propose to experimentally identify the
spinons by measuring the spin current flowing through
the spin liquid candidate materials, which would be a di-
rect test for the existence of spin-carrying mobile excita-
tions. By the nonequilibrium Green function technique
we evaluate the spin current through the interface be-
tween a Mott insulator and a metal under a spin bias. It
is found that different kinds of Mott insulators, including
quantum spin liquids, can be distinguished by different
relations between the spin current spin bias as well as
temperature. We hope our results can stimulate more
experimental studies of the spin liquid candidate mate-
rials and further promote the exchange of ideas between
different fields (e.g. spintronics and strongly correlated
electrons) in condensed matter physics.
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I. SPIN CURRENT
In the main text, we have introduced
Is =
J2IN⊥
4N2RN
2
M
∑
q,k,k′
AM (q, ξRk′↑ − ξRk↓ + V )δq⊥+k⊥−k′⊥
×{[1 + nB(ξRk′↑ − ξRk↓ + V )]nF (−ξRk↓)nF (ξRk′↑)
−nB(ξRk′↑ − ξRk↓ + V )nF (ξRk↓)nF (−ξRk′↑)} (1)
where NM and NR is the number of unit cells in the middle region and right lead, respectively. Here N⊥ is the
number of transverse mode(parallel to the interface) and V = µR↑−µR↓ is the spin bias in the right lead. nB(ω) and
nF (ξRkσ) are the Bose and Fermi distribution function, respectively. δq⊥+k⊥−k′⊥ indicates transverse(parallel to the
interface) momentum conservation. The power spectrums AM are defined as AM (q, ω) =
∫
dt < S−M (−q, t)S+M (q, 0) >
exp(iωt)/nB(ω), where S
±
M (q, t) is the Fourier form of S
±
M (r, t) = S
x
M (r, t)± SyM (r, t).
In the main text, we have assumed that the transverse momentum conservation term can be separated properly.
This will be explained it in detail in the rest of this material.
II. SPIN LIQUID
We describe gapless spin liquids by the following mean-field Hamiltonian
HM =
∑
k,σ
ζkf
†
kσfkσ
where f are fermionic spinons and ζk = ǫk − µs with µs the spinon chemical potential. In this case, SM (r) =
1
2
∑
µ,µ′
σµµ′f
†
µ(r)fµ′(r), with σ the Pauli matrix and µ =↑, ↓. The spinon dispersion ǫk may have a Fermi surface (the
“spinon Fermi sea” state1,2) or Dirac points at Fermi level3.
Because
< S−M (−q, t)S+M (q, 0) > = <
∑
p,p′
f †p−q↓(t)fp↑(t)f
†
p′+q↑(0)fp′↓(0) >
=
∑
p
< f †p−q↓(t)fp−q↓(0) >< fp↑(t)f
†
p↑(0) >,
we get
∑
q
AM (q, ω)δq⊥+k⊥−k′⊥
=
∑
q
δq⊥+k⊥−k′⊥
1
nB(ω)
∫
dt exp(iωt) < S−M (−q, t)S+M (q, 0) >
=
∑
q,p
δq⊥+k⊥−k′⊥
nF (ζp−q)nF (−ζp)δ(ω − ζp + ζp−q)
nB(ω)
=
∑
p′,p
δp⊥−p′⊥+k⊥−k′⊥
nF (ζp′ )nF (−ζp)δ(ω − ζp + ζp′)
nB(ω)
.
2Now we come to the two dimensional spinon Fermi sea case, which is the most relevant to the 2D organic spin liquid
candidate materials. If the energy of spinon excitations ζk and spin-↑ (↓) electron excitations ξRk↑(↓) are much smaller
spinon Fermi level µs and spin-↑ (↓) electron Fermi level µR↑(↓) ,
p⊥ − p′⊥ + k⊥ − k′⊥ = p cos θ1 − p′ cos θ′1 + k cos θ2 − k′ cos θ′2
≈ ksF cos θ1 − ksF cos θ′1 + keF↓ cos θ2 − keF↑ cos θ′2.
In the two dimensional Dirac spin liquid case3, the low energy spinon dispersion is ǫq = ±~vF |q − qF |, with vF the
Fermi velocity and qF the Fermi vector,
p⊥ − p′⊥ + k⊥ − k′⊥ = p cos θ1 − p′ cos θ′1 + k cos θ2 − k′ cos θ′2
≈ keF↓ cos θ2 − keF↑ cos θ′2.
Since p⊥ − p′⊥ + k⊥ − k′⊥ is the only angular dependent term, we can express the spin current as
Is =
J2IΘlN⊥
4N2RN
2
M
∑
q,k,k′
AM (q, ξRk′↑ − ξRk↓ + V )
×{[1 + nB(ξRk′↑ − ξRk↓ + V )]nF (−ξRk↓)nF (ξRk′↑)
−nB(ξRk′↑ − ξRk↓ + V )nF (ξRk↓)nF (−ξRk′↑)}, (2)
with Θl =
∫
dθ1dθ
′
1dθ2dθ
′
2(cos θ1 − cos θ′1 + keF↓/ksF cos θ2 − keF↑/ksF cos θ′2)/(2π)4 for spinon Fermi sea case and Θl =∫
dθ2dθ
′
2(cos θ2 − keF↑/keF↓ cos θ′2)/(2π)4 for U(1) Dirac spin liquid, respectively.
Thus the transverse momentum conservation term is separated independently.
We note that in one dimension case, Θl = 1 and the number transverse mode N⊥ = 1.
III. COLLINEAR ANTIFERROMAGNETIC NE´EL ORDER.
Let us now consider the simplest AFM ordered state, the collinear AFM Ne´el order on a bipartite lattice, and
show that it has different spin transport behavior compared to the previous spin liquid cases. We describe the spin
excitations by a linearized spin wave Hamiltonian,
HM =
∑
k
E0(a
†
kak + b
†
kbk + γkakb−k + γka
†
kb
†
−k)
where E0 = 2ZS|J | and γk = 1Z
∑
δ cos(k · δ) with δ sums over the nearest-neighbor lattice sites. Here Z is the
coordination number, S is spin quantum number and J is the spin exchange constant. In this case, S+M (r) =
SxM (r)+ iS
y
M(r) = a
†(r)+ b(r) , S−M (r) = S
x
M (r)− iSyM(r) = a(r)+ b†(r) and SzM (r) = a†(r)a(r)− b†(r)b(r), where
a(r) [a†(r)] and b(r) [b†(r)] are the Fourier form of a(k) [a†(k)] and b(k) [b†(k)], respectively. Here, bk (b
†
k) and ak
(a†k) are the annihilation (creation) of Holstein-Primakoff bosons
4 on B-sublattice and A-sublattice, respectively.
If the wave vector of spin wave is much smaller than spin-↑ (↓) electron Fermi vector, i.e. k1 << keF↑(keF↓),
q⊥ − k⊥ + k′⊥ = q cos θ1 − k cos θ2 + k′ cos θ3 ≈ keF↓ cos θ2 − keF↑ cos θ3.
The spin current is
Is =
J2IΘwN⊥
4N2RN
2
M
∑
q,k,k′
AM (q, ξRk′↑ − ξRk↓ + V )
×{[1 + nB(ξRk′↑ − ξRk↓ + V )]nF (−ξRk↓)nF (ξRk′↑)
−nB(ξRk′↑ − ξRk↓ + V )nF (ξRk↓)nF (−ξRk′↑)}, (3)
with Θw =
∫
dθ2dθ3δ(cos θ2− keF↑/keF↓ cos θ3)/(2π)3. Thus the transverse momentum conservation term is separated.
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